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SUMMARY 

Wind-tunnel tests have  been  conducted  with a modern f i g h t e r   c o n f i g u r a t i o n  
to explore t h e   e f f e c t s   o f   f u s e l a g e   f o r e b o d y   g e o m e t r y   o n   l a t e r a l - d i r e c t i o n a l  
c h a r a c t e r i s t i c s  a t  h igh   ang le s  of at tack and to  p rov ide   da t a   fo r   fo rmula t ing  
genera l   des ign   procedures .  The inves t iga t ion   cons i s t ed   o f   l ow-speed ,  s tatic,  
wind-tunnel tests of a f i g h t e r  model  over a la rge   angle-of -a t tack   range   wi th  
e i g h t   d i f f e r e n t   f o r e b o d y   c o n f i g u r a t i o n s ;  also inc luded  w a s  cons ide ra t ion   o f  
forebody  devices  s u c h  as nose strakes, boundary-layer t r i p  wires, and  nose 
booms. 

R e s u l t s  were o b t a i n e d   i n  the areas o f   l a t e ra l -d i r ec t iona l   ae rodynamic  sym- 
m e t r y   a n d   s t a b i l i t y   a n d   l o n g i t u d i n a l   s t a b i l i t y .   I n   g e n e r a l ,   f o r e b o d y   d e s i g n  
features s u c h  as f i n e n e s s  ra t io ,  c ross -sec t iona l   shape ,   and   devices  l i k e  fore- 
body s t r a k e s  and  nose booms had a l a r g e   i n f l u e n c e   o n   b o t h   l a t e r a l - d i r e c t i o n a l  
and   l ong i tud ina l   ae rodynamic   s t ab i l i t y .  For t h e  a i r p l a n e   c o n f i g u r a t i o n  tested, 
r e su l t s  showed t h a t  s e v e r a l  of t h e  fo rebod ies   p roduced   bo th   l a t e ra l -d i r ec t iona l  
aerodynamic   symmetry   and   s t rong   favorable   changes   in   d i rec t iona l   and   la te ra l  
s t a b i l i t y .  Hawever, t he  same resul ts  also i n d i c a t e d  t h a t  such  forebody  designs 
could p r o d u c e   s i g n i f i c a n t   r e d u c t i o n s   i n   l o n g i t u d i n a l   s t a b i l i t y   n e a r  maximum 
lift and c o u l d  s ign i f i can t ly   change   t he   i n f luence   wh ich   o the r   con f igu ra t ion  
var iab les   have  on a i r p l a n e   s t a b i l i t y .   F u r t h e r m o r e ,   t h e s e  tests i n d i c a t e d   t h a t  
t h e   a d d i t i o n  of devices  such  as f l i g h t - t e s t   n o s e  booms to  h i g h l y   t a i l o r e d   f o r e -  
body des igns   cou ld   s ign i f i can t ly   deg rade   t he   s t ab i l i t y   improvemen t s   p rov ided  
by t h e  clean  forebody. 

INTRODUCTION 

High pe r fo rmance   mi l i t a ry   a i rp l anes   des igned  for air-to-air c o m b a t  are 
normally  f lown  a t   extremely  high  angles  of attack t o  o b t a i n  t h e  t u r n i n g   p e r f o r -  
mance r equ i r ed  t o  maneuver e f f e c t i v e l y  a t  subsonic  speeds. The va lues  of ang le  
of a t tack reached  during  such  vigorous a i r  combat  maneuvers  often  approach,  and 
a t  times exceed,   the   angle   of  a t tack f o r  maximum l i f t .  A t  such  extreme  angles 
of a t t ack ,  f i g h t e r   c o n f i g u r a t i o n s  may experience  Parge  aerodynamic asymmetries, 
a long   wi th  a s e v e r e   d e g r a d a t i o n   i n   s t a b i l i t y   a n d   c o n t r o l   c h a r a c t e r i s t i c s ;   t h e s e  
deg raded   cha rac t e r i s t i c s   can  r e s u l t  i n   i n a d v e r t e n t  loss of   cont ro l   and   sp in  
e n t r y .   I n  view of the  r e l a t i v e   i m p o r t a n c e  of h igh   ang le -o f -a t t ack   f l i gh t   cha r -  
acteristics for h ighly   maneuverable   a i rc raf t ,   cons iderable   emphas is   has   been  
placed  on  developing airframe and  automatic-control-system  concepts  which  pro- 
v ide  a high  degree of s t a b i l i t y ,   c o n t r o l ,   a n d   s p i n   r e s i s t a n c e   f o r   s u c h   f l i g h t  
c o n d i t i o n s .  

Recent  research  conducted by t h e  NASA Langley  and Ames Research  Centers  
( r e f s .  1 t o  6) and by a i r f r a m e   c o n t r a c t o r s   ( r e f .  7 )  h a s   i n d i c a t e d   t h a t  the  
r e l a t i v e l y   l o n g ,   p o i n t e d   f u s e l a g e   f o r e b o d y   u s e d  for many c u r r e n t   f i g h t e r  
conf igu ra t ions   can  have s i g n i f i c a n t ,   a n d  sometimes predominant,  effects on 



aerodynamic charac te r i s t ics   a t  high  angles of attack. These effects  include 
the  generation of extremely  large asymmetric yawing  moments  and large  varia- 
t ions i n  s t a t i c  and  dynamic direct ional   s tabi l i ty .  

The present  investigation was conducted to  further  explore  the  effects 
of geometric  variations of fuselage  forebody  shape on lateral-directional and 
longitudinal  characterist ics  for a current  fighter  configuration w i t h  t w i n  
ve r t i ca l   t a i l s .  The primary objective was t o  provide  additional  data  for u s e  
i n  formulating  general  design  procedures. The investigation  consisted of  low- 
speed  wind-tunnel t e s t s  over a large range of angles of attack  for a model w i t h  
eight  different forebody  configurations. The forebodies  tested  included s i x  
different  cross-sectional shapes and  two forebody  fineness  ratios. The t e s t s  
also  included an evaluation of the  effects of nose strakes, boundary-layer t r i p  
wires, and nose booms affixed  to  several of the  forebodies.  Previous  inves- 
t igations  (refs.  1 to  7)  have  shown that  s u c h  add-on devices  as nose strakes 
and nose booms (for  f l ight-test   air-data measurements) can strongly  influence 
forebody  aerodynamics a t  high  angles of attack. I n  addition, a recent paper 
(ref.  8) has shown that  small boundary-layer t r i p  wires, when properly  placed 
on the  forebody, can suppress  the  developnent of large yawing-moment  asymme- 
t r i e s   a t  high angles of attack. The  two aerodynamic parameters of primary 
in te res t  i n  the  present s tudy  were (1) t h e  yawing moment measured a t  zero 
s ides l ip  and high angles of attack, and ( 2 )  the  variation of s ta t ic   direc-  
t iona l   s tab i l i ty  w i t h  angle of attack. A l l  the  lateral-directional  results 
are  presented  herein,  together w i t h  selected  longitudinal  data.  Results of a 
water-tunnel flaw visualization s tudy ,  which was conducted to   para l le l  t h i s  
investigation,  are  presented i n  reference 9. 

SYMBOLS AND ABBREVIATIONS 

All longitudinal  forces and moments are  referenced  to  the  stability-axis 
system and all   lateral-directional  forces and  moments are  referenced  to  the 
body-axis  system shown i n  figure 1 .  Moment data  presented  are  referenced  to 
a moment center  located  longitudinally  at 26 percent of the wing  mean aerody- 
namic chord. Dimensional quantities  are  presented i n  both the  International 
System of U n i t s  (S I )  and U.S. Customary U n i t s .  Measurements  were made i n  
U.S. Customary U n i t s ,  and conversions were made w i t h  the  conversion  factors 
given i n  reference 1 0 .  

b wing span, m ( f t )  
- 
C wing mean aerodynamic chord, m ( f t )  

FD 
CD drag coefficient,  - ss 

FL 
CL l i f t  coefficient,  - ss 
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Mv 

1 
C1B = 

r o l l i n g - m m e n t   c o e f f i c i e n t ,  - 
;i Sb 

Mv 
I 

pitching-moment   coeff ic ient ,  - 
;is3 

yawing-moment c o e f f i c i e n t ,  - 
G* 

FY 

qs 
s i d e - f o r c e   c o e f f i c i e n t ,  - 

drag   fo rce ,  N (lb) 

l i f t   f o r c e ,  N ( lb )  

side force, N ( l b )  

f u s e l a g e   s t a t i o n  

r o l l i n g  moment, N-m ( f t - l b )  

p i t c h i n g  moment, N-m ( f t - l b )  

yawing moment, N-m ( f t - l b )  

free-stream dynamic p r e s s u r e ,  Pa ( l b / f t 2 )  

r e s u l t a n t   a i r s p e e d  

water 1 ine  

body r e fe rence   axes  (see f i g .  1) 

ang le  of a t t a c k  , deg 

angle  of s i d e s l i p ,   d e g  

h o r i z o n t a l   t a i l   d e f l e c t i o n ,   d e g  
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Model d e s i g n a t i o n s :  

CIR c i r c u l a r  cross s e c t i o n  

DKB d u c k b i l l  cross s e c t i o n  

EMAH e l l i p t i ca l  cross s e c t i o n   w i t h   h o r i z o n t a l  major a x i s  

EMAV el l ipt ical  cross s e c t i o n   w i t h   v e r t i c a l  major a x i s  

SHK shark  nose cross s e c t i o n  

BACKGROUND 

H i s t o r i c a l l y ,   d e s i g n   t r e n d s   f o r   f i g h t e r   c o n f i g u r a t i o n s   h a v e   r e s u l t e d   i n  
r a p i d   a n d   d r a m a t i c   v a r i a t i o n s   i n   g e o m e t r i c  airframe des igns  as d e p i c t e d   i n   f i g -  
u re  2 .  The r e l a t i v e   s h a p e   a n d   l e n g t h  of the   fuse lage   forebody  have   changed  
completely,   from  the  short ,   blunt-nose  geometry of f igh ters   o f   Wor ld  War I1 
v i n t a g e  t o  t h e   l o n g ,   p o i n t e d   n o s e s   e m p l o y e d   i n   c u r r e n t   s u p e r s o n i c   f i g h t e r s .  
Because of   the   long  moment arm b e t w e e n   t h e   n o s e   a n d   t h e   c e n t e r   o f   g r a v i t y  of 
t h e   a i r p l a n e ,   t h e   l o n g ,   p o i n t e d   n o s e   c a n   g e n e r a t e   s t r o n g   v o r t e x   f l o w s  a t  h igh  
a n g l e s   o f   a t t a c k   w h i c h   r e s u l t   i n   d i f f e r e n t i a l  forces on   the   nose   and   ex t remely  
la rge   aerodynamic  moments.  The  munents  produced  by the   fu se l age   fo rebody   can  
be much l a rge r   t han   t hose   p roduced  by t h e  t a i l  a n d   c o n t r o l   s u r f a c e s .   I f   t h e  
moments a r e   b e n e f i c i a l ,   t h e   s t a b i l i t y  and c o n t r o l   c h a r a c t e r i s t i c s   o f   t h e  a i r -  
p lane  are  s ign i f i can t ly   enhanced ;   however ,   i f   t he  moments a r e   a d v e r s e ,  loss of 
c o n t r o l  may occur .  

The aerodynamic   e f fec ts   p roduced  by the   fo rebody  are  of i n t e r e s t   u n d e r  
cond i t ions   o f   ze ro   and   nonze ro   s ides l ip .  A s  d i s c u s s e d   i n   r e f e r e n c e s  2 to 7 ,  
the  large  asymmetr ic   yawing moments produced by long ,   po in ted   noses   a re   o f  
cons iderable   impor tance  to  s t u d i e s  of depa r tu re   and   sp in .  A s  shown i n   f i g -  
ure 3 ,  flow s e p a r a t i o n   o n  a long  nose a t  z e r o   s i d e s l i p   t e n d s  t o  produce a sym- 
metrical p a t t e r n   o f   v o r t e x   s h e e t s  a t  l o w  angles   o f  a t tack .  This   symmetr ica l  
f l o w   p a t t e r n  does not   p roduce   any   s ide  force on   the   nose ;   consequent ly ,  no 
yawing moment is produced. A t  h ighe r   ang le s   o f   a t t ack ,   however ,   t he   vo r t i ce s  
i n c r e a s e   i n   s t r e n g t h ;   t h e   f l o w   p a t t e r n  becomes asymmetrical; and  the asymmetri- 
cal  flow  produces a s i d e  force on   the   nose   which ,   in   tu rn ,   p roduces  a yawing 
moment about   the   a i rp lane   cen ter   o f   g rav i ty .   For   ex t remely   h igh   angles   o f  
a t t a c k ,   s u c h  as t h o s e   a n g l e s   a s s o c i a t e d   w i t h   p o s t - s t a l l   f l i g h t   a n d   s p i n s ,  
these shapes  have  been  found  (refs.  2 and 7) t o  produce la rge   asymmetr ic  yaw- 
i n g  moments which  can  be much l a r g e r   t h a n   t h e   c o r r e c t i v e  moments produced  by 
d e f l e c t i o n   o f  a convent ional   rudder .   These moments may have a predominant 
e f f e c t   o n  s t a l l  a n d   s p i n   c h a r a c t e r i s t i c s   a n d   c a n ,   i n   f a c t ,   d e t e r m i n e   t h e   e a s e  
a n d   d i r e c t i o n   i n   w h i c h   a n   a i r p l a n e  may sp in .   (See   r e fe rence  2 . )  Al though  the 
aerodynamic asymmetries produced by sharp   noses   have’been   measured   in  past 
w i n d - t u n n e l   i n v e s t i g a t i o n s   o f   a i r p l a n e   s p i n   c h a r a c t e r i s t i c s ,   t h e   b a s i c   f l a w   p h e -  
nomena were n o t  well understood. A s  a r e s u l t ,   t h e  asymmetries e i t h e r   h a v e   o f t e n  
been  ignored or have   been   a t t r i bu ted  t o  poor wind-tunnel  flow or s i g n i f i c a n t  
model asymmetries. The more r e c e n t   f l i g h t  tes t  r e s u l t s   r e p o r t e d   i n   r e f e r e n c e  7 
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i n d i c a t e d   t h a t   s u c h  asymmetries e x i s t   f o r   f u l l - s c a l e   a i r c r a f t   a n d   f l i g h t  con- 
d i t i o n s  and t h a t   t h e  asymmetries can  cause loss of   cont ro l   and   sp in   en t ry .  

With  regard t o  n o n z e r o   s i d e s l i p   c o n d i t i o n s ,   p a s t   s t u d i e s   s u c h  as those  
d i s c u s s e d   i n   r e f e r e n c e s  2,   5 ,  and 7 have shown t h a t   c e r t a i n   f u s e l a g e   f o r e b o d y  
designs  can  produce a h i g h   l e v e l  of d i r e c t i o n a l   s t a b i l i t y ,   a n d   t h a t   g e o m e t r i c  
v a r i a b l e s   s u c h  as f o r e b o d y   f i n e n e s s   r a t i o  and c ross - sec t iona l   shape   appa ren t ly  
can be used t o  take advan tage   o f   t h i s   po ten t i a l ly   bene f i c i a l   e f f ec t .   Moreove r ,  
results p r e s e n t e d   i n   r e f e r e n c e  7 also p o i n t  o u t  tha t   forebody  geometry   changes  
may s u b s t a n t i a l l y   e f f e c t   l o n g i t u d i n a l   c h a r a c t e r i s t i c s   ( p i t c h i n g  moment). 

In   o rde r  to de r ive   quan t i t a t ive   des ign   i n fo rma t ion  on des i r ab le   and  feasi- 
ble fuse l age   fo rebod ies ,   r e sea rch  is r e q u i r e d   i n  t w o  areas. F i r s t ,   t h e  aero- 
dynamic   e f fec t   o f   forebody  geometr ic   var iab les   such  as c r o s s - s e c t i o n a l  shape, 
nose   f i neness  ra t io ,  and  nose  probes  and booms must be determined;  second,  the 
e f f e c t s  of  aerodynamically  beneficial   nose-radome-shapes  on radar performance 
m u s t  be assessed .  

The p r imary   ob jec t ives   o f   t he   p re sen t   i nves t iga t ion  were (1) t o   e x p l o r e  
t h e   b e n e f i c i a l   a e r o d y n a m i c   e f f e c t s  produced by proper   shaping of t h e   f u s e l a g e  
forebody of a c u r r e n t   f i g h t e r   c o n f i g u r a t i o n  and ( 2 )  to correlate t h e  resul ts  
wi th   those   ob ta ined   dur ing  past s t u d i e s  of o ther   conf igura t ions .   Thus ,   addi -  
t i o n a l  data would be provided t o  formula te   genera l   des ign   procedures .  

DESCRIPTION OF MODEL 

The i n v e s t i g a t i o n  was conducted  with a 0 .10 - sca l e   f r ee - f l i gh t  model  which 
was used i n  t h e  tests r e p o r t e d   i n   r e f e r e n c e  11 . The model was r e f u r b i s h e d   f o r  
t he  cu r ren t   t e s t ing   and   mod i f i ed  to a c c e p t   s e v e r a l   d i f f e r e n t   f u s e l a g e   f o r e b o d y  
des igns .  A three-view s k e t c h  of   the model is shown i n   f i g u r e  4 ,  and some per- 
t i nen t   d imens iona l  characterist ics of t h e  model are p r e s e n t e d   i n   t a b l e  I.  As 
i n d i c a t e d   i n   f i g u r e  4 ,  t h e  p a r t i n g   l i n e  used for mounting t h e  va r ious   fo rebod ies  
was l o c a t e d  j u s t  forward of t h e  canopy. 

E i g h t   d i f f e r e n t   f u s e l a g e   f o r e b o d i e s  were tested i n   t h i s   i n v e s t i g a t i o n ,  
i nc lud ing   t he   fo rebody  of the  b a s i c  model. The va r ious   fo rebod ies  are i d e n t i -  
f i e d   i n  terms of   f ineness  r a t i o  and   c ross -sec t iona l   shape .  The f i n e n e s s  r a t io  
d e f i n i t i o n   u s e d   i n  t h i s  s tudy  was t h e  r a t i o  of t he   fo rebody   l eng th  (measured 
f r o m   t h e   p a r t i n g   l i n e  t o  t h e   t i p )  t o  the   forebody  depth   (ver t ica l   d imens ion  
measured a t  t h e  p a r t i n g   l i n e )  as shown i n   f i g u r e  4. Note tha t   s eve ra l   me thods  
o f   de f in ing   f i neness  r a t io  have  evolved  in  t h e  l i t e r a t u r e   a n d   t h a t  t h e  method 
used i n  t h i s  r e p o r t  may d i f f e r  from d e f i n i t i o n s   u s e d   i n   o t h e r  s t u d i e s .  F ineness  
ratios u s e d   i n   t h e s e  tests were 2 . 3  f o r   t h e  basic model  forebody  and 3 . 5 ,  which 
is r e p r e s e n t a t i v e  of the fo rebody   o f   t he   a i rp l ane   d i scussed   i n   r e f e rence  7. 

To f a c i l i t a t e  ease of   d i scuss ion   of   the   var ious   forebodies  tested, a 
s imple  designat ion  has   been  ass igned for each   forebody;   the   des igna t ion  refers 
to the  fo rebody   f ineness  ratio ( e i t h e r  2.3 or 3 .5 )  and t h e  forebody cross- 
sec t iona l   shape .   Cross - sec t iona l   shapes  are i d e n t i f i e d  as fo l lows:  
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~~~ 

Abbreviation 
or acronym 

C I R  

E"l 

EMAV 

SHK 

DKB 
~. ". 

Shape 

Circular 

E l l ip t i ca l ,  w i t h  major axis  horizontal 

E l l ip t ica l ,  w i t h  major axis   ver t ical  

S h a r k  nose 

Duckbill  nose 
". . . . " . ~ . .  . .  

Using this scheme, the  forebodies  are  referred  to i n  this report  as  follows: 

Designation 

2 . 3  CIR 

3 . 5  C I R  

3 . 5  SHK 

3 . 5  DKB 

2 . 3  EMAH 

3 . 5  EMAH 

3 . 5  EMAV 

B l u n t  

Shape 

0 
0 

0 

Forebody description 
.~ . . 

Basic  short forebody ( 2 . 3  fineness  ratio) 
w i t h  circular  cross  section 

Long forebody ( 3 . 5  fineness  ratio) w i t h  
circular  cross  section 

Shark-nose  forebody w i t h  3 . 5  fineness  ratio 

D u c k b i l l  forebody w i t h  '3 .5  fineness  ratio 

2 . 3  fineness  ratio forebody w i t h  e l l i p t i c a l  
cross  section w i t h  horizontal major axis 

3 . 5  fineness  ratio forebody w i t h  e l l i p t i c a l  
cross  section w i t h  horizontal major axis 

3 . 5  fineness  ratio forebody w i t h  e l l i p t i c a l  
cross  section w i t h  ver t ica l  major axis 

B l u n t  forebody representing  fuselage wi th-  
out forebody 

I n  addition  to  tests of these  forebody  shapes,  the s tudy  also included 
t e s t s  of several  forebody add-on devices  as  listed i n  the  following  table: 
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Forebody 

2.3 C I R  

3.5 C I R  

3.5 DKB 

3.5 EMAV 
" 

.. . - . . - 

S t r a k e  

J 

J 

J 

Add-on device 

Nose boom 

J 

J 

Photographs  and sketches o f   t he   va r ious   fo rebod ies   and   fo rebody  add-on 
d e v i c e s  are shown i n   f i g u r e s  5 t o  9; a photograph  of   the  model   with  the  3 .5  DKB 
forebody is shown i n   f i g u r e  1 0 .  I t  is important  to  n o t e   t h a t  t h e  t r i p  wire 
shown i n   f i g u r e  9 is mounted  on  the  forebody i n  a unique  fashion  and is most 
e f f e c t i v e   o n l y   i f  mounted i n   s u c h  a h e l i c a l   p a t t e r n   ( r e f .  8 ) .  The diameter, 
of   the  wire t e s t e d  was 0.318 c m  (0 .125   i n . ) .  

The p a r t i c u l a r   f o r e b o d y  shapes chosen   for  t h i s  i n v e s t i g a t i o n  were selected 
on   t he  basis of past experience  and a f e w  s t u d i e s  ( refs .  1 t o  7) which appear 
t o  i n d i c a t e   t r e n d s  produced by f a m i l i e s  of nose  shapes.  The e l l i p t i c a l  cross 
s e c t i o n   w i t h  t h e  m a j o r   a x i s   o r i e n t e d   i n  a h o r i z o n t a l   d i r e c t i o n  (EMAH) has been 
found  in  past s t u d i e s   ( r e f s .  2 and  5) to  produce s i g n i f i c a n t   b e n e f i c i a l   c o n t r i -  
bu t ions  to  d i r e c t i o n a l   s t a b i l i t y  a t  high  angles   of  a t tack.  A s i m i l a r   s t u d y  
(ref.  1 )   h a s   i n d i c a t e d  t h a t  s e v e r e   d e g r a d a t i o n s   i n   d i r e c t i o n a l   s t a b i l i t y   c a n  
r e s u l t   i f  t h e  e l l i p t i c a l  cross s e c t i o n  is o r i e n t e d   s u c h   t h a t  t h e  ma jo r   ax i s  is 
i n  a v e r t i c a l   d i r e c t i o n  (EMAV). Recent tests ( re f .  6 )  of a s u p e r s o n i c  cruise  
t r a n s p o r t   c o n f i g u r a t i o n   i n d i c a t e d   t h a t   t h e  same d u c k b i l l  DKB forebody as t h a t  
u sed   i n   t he   p re sen t   s tudy   p roduced   an   ex t r eme ly   h igh   l eve l  of d i r e c t i o n a l  sta- 
b i l i t y  a t  h igh   angles  of a t tack.  A l s o ,  f l i g h t  tests ( r e f .  7 )  o f   the   shark   nose  
SHK shape i n d i c a t e d   t h a t  asymmetric yawing moments a t  h igh   ang le s  of a t tack  were 
s u p p r e s s e d   a n d   d i r e c t i o n a l   s t a b i l i t y  was dramatical ly   improved.  The b lun t   nose  
was i n c l u d e d   i n   t h e   c u r r e n t  tests i n  order to determine  model  aerodynamics 
with  no  forebody. 

The  add-on devices noted ear l ier  were tested to  e v a l u a t e  ( 1 )  t h e  e f f e c t s  
of f l i g h t - t e s t   i n s t a l l a t i o n s ,   s u c h  as nose booms, o n   t h e   r e l a t i v e   c o n t r i b u t i o n s  
o f   t h e  forebodies, a n d   ( 2 )   t h e   u s e   o f   f i x e d   i n s t a l l a t i o n s ,   s u c h  as nose strakes 
and t h e  h e i i c a l  t r i p  wire of r e f e r e n c e  8,  to  e l i m i n a t e   u n d e s i r a b l e   c o n t r i b u t i o n s  
of nonoptimum nose shapes. 

TESTS 

S t a t i c  force and moment tests were conducted a t  t h e  NASA Langley  Research 
C e n t e r   i n  a law-speed  wind  tunnel  with a 3.66-m (12-f t )  diameter oc tagonal  tes t  
s e c t i o n .  The data p r e s e n t e d   i n   t h i s   r e p o r t  were der ived   f rom tests made a t  a 
Reynolds number of approximately 0.59 X 1 O 6  ba sed   on   t he  mean aerodynamic  chord 
of t h e  wing. Static tests were made for a range of a n g l e s  of a t tack  from Oo to  



55O over  a range of s idesl ip  angles   f rom -20° t o  20°. The l a t e r a l - d i r e c t i o n a l  
s t a b i l i t y   d e r i v a t i v e s  were based on   s lop ing  data from -50 to  50 s i d e s l i p .  

I n   a d d i t i o n  to  t h e  tests of t h e   f u s e l a g e  forebodies and  forebody add-on 
d e v i c e s   p r e v i o u s l y   d e s c r i b e d ,   t h e  model was tested w i t h   t h e   e n g i n e   i n l e t  cowls 
undeflected  and deflected t o  12O down ( f i g .  4 ) ,  wi th   t he   a l l -mov ing   ho r i zon ta l  
t a i l  unde f l ec t ed   and   de f l ec t ed  to 25O t r a i l i n g   e d g e   u p ,   a n d   w i t h   t h e   v e r t i c a l  
ta i ls  on  and off. 

PRESENTATION  OF  DATA 

The da ta   ob ta ined   f rom  the   fo rce  tests are p r e s e n t e d   i n   f i g u r e s  11 t o  31 
and  show t h e   e f f e c t s   o f   f o r e b o d y   f i n e n e s s  ra t io ,  cross s e c t i o n ,   a n d   s e l e c t e d  
forebody add-on devices   on   l a te ra l -d i rec t iona l   aerodynamic   symmetry   and  s t ab i l -  
i t y .   A l t h o u g h   t h e   l a t e r a l - d i r e c t i o n a l   c h a r a c t e r i s t i c s  are o f   p r i m a r y   i n t e r e s t ,  
a l i m i t e d  amount  of l o n g i t u d i n a l   d a t a  are a lso presented .  For t h e   r e a d e r ' s  
conven ience ,   an   ou t l i ne   o f   t he   con ten t   o f   t he   da t a   f i gu res  is presented 

Ef fec t   on   l a t e ra l -d i r ec t iona l   ae rodynamic   symmet ry   o f  - 
Forebody  f ineness  r a t io  ( C I R  and EMAH cross s e c t i o n s )  . . . . . . . . 
Forebody   c ros s - sec t iona l   shape   ( f ineness  r a t io  3.5) . . . . . . . . . 
Fuselage  forebody strakes (3.5 C I R  and 3.5 EMAV forebodies)  . . . . . 
Nose boom (3.5 C I R  forebody)  . . . . . . . . . . . . . . . . . . . . 
Boundary-layer   hel ical  t r i p  wire (3.5 C I R  forebody) . . . . . . . . . 
E n g i n e   i n l e t  cowl d e f l e c t i o n   ( 3 . 5  C I R  and  3.5 DKB f o r e b o d i e s )  . . . . 
Eleva to r   de f l ec t ion   (3 .5  C I R  forebody) . . . . . . . . . . . . . . . 
Vertical t a i l s  (3.5 C I R  forebody)  . . . . . . . . . . . . . . . . . . 
Forebody  f ineness  ratio ( C I R  and EMAH cross s e c t i o n s )  . . . . . . . . 
Forebody  c ross -sec t iona l   shape   ( f ineness  r a t io  3.5) . . . . . . . . . 
Vertical  t a i l s  (3.5 CIR,  3.5 SHK, and  3.5 DKB f o r e b o d i e s )  . . . . . . 
Fuselage  forebody strakes a n d   v e r t i c a l  t a i l s  (3.5 CIR ,  

3.5 EMAV, and  2.3 C I R  f o r e b o d i e s )  . . . . . . . . . . . . . . . . . 
Boundary-layer   hel ical  t r i p  wire (3.5 C I R  forebody) . . . . . . . . . 
Nose boom (3.5 C I R  and  3.5 DKB f o r e b o d i e s )  . . . . . . . . . . . . . 
E n g i n e   i n l e t  c o w l  de f l ec t ion   (3 .5  C I R  and 3.5 DKB forebodies)  . . . . 
H o r i z o n t a l - t a i l   d e f l e c t i o n   ( 3 . 5  C I R  and  3.5 DKB f o r e b o d i e s )  . . . . . 
Forebody  f ineness  ra t io  ( C I R  and EMAH cross s e c t i o n s )  . . . . . . . . 
Forebody   c ros s - sec t iona l   shape   ( f ineness  r a t io  3.5) . . . . . . . . . 

E f f e c t  on v a r i a t i o n   o f   p i t c h i n g  moment w i t h   s i d e s l i p   o f  - 
Forebody  f ineness  ra t io  (EMAH cross s e c t i o n  ) . . . . . . . . . . . . 
Forebody  c ross -sec t iona l   shape   (3 .5  EMAV and  3.5 DKB 

forebodies)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Forebody add-on devices   (3 .5  C I R  forebody)  . . . . . . . . . . . . . 

Effect o n   l a t e r a l - d i r e c t i o n a l   s t a b i l i t y   o f  - 

E f f e c t   o n   l o n g i t u d i n a l   c h a r a c t e r i s t i c s  a t  6 = O0 o f  - 

below: 

F igur  e 

11 
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  

1 9  
20 
21 

22 
23 
24 
25 
26 

27 
28 

29 

30 
31 
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RESULTS AND DISCUSSION 

As was e x p e c t e d ,   t h e   r e s u l t s   o b t a i n e d   i n   t h i s   i n v e s t i g a t i o n   i n d i c a t e   t h a t  
the   fuse lage   forebody  des ign  had a d o m i n a n t   i n f l u e n c e   o n   t h e   l a t e r a l - d i r e c t i o n a l  
aerodynamic characteristics of the  complete   model   configurat ion.   These resu l t s  
are summarized i n   t a b l e  11. The e f f e c t s   o b s e r v e d  are d i scussed   he re in  t o  show 
the  inf luence  of   forebody  design  on  la teral-direct ional   aerodynamic  symmetry,  
l a t e r a l - d i r e c t i o n a l   s t a b i l i t y ,   a n d   l o n g i t u d i n a l   s t a b i l i t y .  Data are p resen ted  
to show t h e   e f f e c t s   o f   f o r e b o d y   f i n e n e s s  ra t io  and cross s e c t i o n ;   t h e   e f f e c t s  
of  nose strakes, n o s e   h e l i c a l   t r i p  wires, and  nose booms; and   the   in f luence   o f  
s e v e r a l   o t h e r   c o n f i g u r a t i o n   v a r i a b l e s  of the   bas i c   mode l ,   i nc lud ing   i n l e t  cowl 
d e f l e c t i o n ,   h o r i z o n t a l - t a i l   d e f l e c t i o n ,   a n d   v e r t i c a l  t a i l s .  

Aerodynamic L a t e r a l - D i r e c t i o n a l  Symmetry 

E f f e c t  of f o r e - k d y   f i n e n e s s  ra t io . -  The e f f e c t  o f   forebody  f ineness  r a t io  
on l a t e ra l -d i r ec t iona l   ae rodynamic  symmetry a t  z e r o   s i d e s l i p  is shown i n   f i g -  
ures 11 (a )   and  11 (b)  f o r   t h e  C I R  and EMAH cross s e c t i o n s ,   r e s p e c t i v e l y .  The 
d a t a  show t h a t  large  asymmetric  yawing moments are produced  by  the c i rcular  and 
e l l i p t i c a l  cross s e c t i o n s   f o r  a f i n e n e s s   r a t i o  of 3.5 above 35O 01 and  tha t  
t h e  moments a r e  much l a rge r   t han   t hose   wh ich  could be produced by rudder i n p u t s  
a t  h igh   angles  of a t tack.  The asymmetric yawing moments f o r  t h e  fo rebod ies  
w i t h  t h e  2.3 f i n e n e s s  r a t io  were much smaller. These r e su l t s  tend  to  confirm 
t h e  resul ts  of o t h e r   i n v e s t i g a t i o n s  ( refs .  3 and 4) which  have shown t h a t   s i g -  
n i f i c a n t  yawing-moment asymmetries d e v e l o p   o n l y   f o r   r e l a t i v e l y   h i g h - f i n e n e s s -  
r a t i o   f o r e b o d i e s .  

E f f e c t  of c ro-ss -sec t iona l  ~~ shape.-  The resu l t s  showed ( f i g .  1 1 )  t h a t  changes 
to the-   - forebody  cross-sect ional   shape for t h e  l o w  f i n e n e s s  r a t i o  were found t o  
have l i t t l e  or no e f f e c t  on aerodynamic  symmetry.   In  contrast ,   forebody cross- 
sec t iona l   shape  was found t o  have a s i g n i f i c a n t   i n f l u e n c e  on  aerodynamic sym- 
met ry   fo r  a f i n e n e s s  r a t i o  of 3.5. ( S e e   f i g .  12.) The l a r g e s t  asymmetric yaw- 
ing moments were e x h i b i t e d  by the   forebodies   having  C I R  and EMAH c r o s s - s e c t i o n a l  
shapes.  Much smaller asymmetries were measured on t h e  more unusual SHK and 
DKB forebodies.   These t w o  forebody shapes apparent ly   maintain  aerodynamic 
symmetry by c o n t r o l l i n g   t h e  manner i n   w h i c h   t h e   v o r t i c e s  are shed a f te r  they  
o r i g i n a t e  a t  the  forebody  apex  and by p rov id ing   su f f i c i en t   s epa ra t ion   be tween  
t h e  l e f t  and r i g h t   v o r t i c e s  to prevent   the   vor tex   sys tem  on   one  side from 
becoming  dominant.  Apparently, the forebody  vor tex   sys tem  tha t  is created by 
such   fo rebod ies  is s t a b l e  when t h e  l e f t  and   r i gh t   vo r t ex   sys t ems  are symmetri- 
c a l l y   d i s p l a c e d .  For the   o the r   fo rebod ies ,   t he   vo r t ex   sys t em  appa ren t ly  becomes 
s t a b l e   o n l y  when the   vo r t ex   sys t em is asymmetric. T h e s e   r e s u l t s  correlate with 
those of r e fe rence  7.  I t  should  be s t r e s s e d   i n   t h i s   d i s c u s s i o n   t h a t   t h e  
d e t a i l e d   f l u i d   m e c h a n i c s   i n v o l v e d   i n  t h e  evo lu t ion  and c o n t r o l  of  forebody  vor- 
t ex   sys t ems  are not  well understood. I t  is f e l t  by some r e s e a r c h e r s   t h a t   t h e  
key to con t ro l l i ng   vo r t ex   shedd ing  is t o  f i x  t h e  s e p a r a t i o n   l i n e  a t  which  the 
vo r t ex   shee t   sheds  from the  forebody.  However, it is not  clear w h e t h e r   t h i s  
approach   r ema ins   e f f ec t ive  as one   ex tends   such   s epa ra t ion   dev ices   a f t  of t h e  
immediate v i c i n i t y  of the  forebody  apex.  I t  shou ld   t he re fo re  be recognized 
t h a t   s t a t e m e n t s  made i n   t h i s   p a p e r   r e f e r r i n g  to  f i x i n g   s e p a r a t i o n   l i n e s  are 
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only  hypotheses  that appear to  explain  the  observed  results. More detailed 
studies  are needed to  firmly  substantiate  the  exact phenomena involved. 

Effect of forebody add-on devices.-  Previous tes t s   ( re fs .  1, 2, 3, 5, 7, 
and 8)  for  other  airplane  configurations have indicated  that  forebody add-on 
devices such as nose strakes,  nose booms,  and t r i p  wires can have large  effects  
on aerodynamic symmetry a t  high  angles of attack.  Therefore,  tests of s u c h  
devices were conducted on selected  forebodies  to  determine  their  effect on the 
lateral-directional asymmetry a t  zero  sideslip. The data showing these  effects 
are  presented i n  f igures   13  to  15. 

Past  investigations  (e.g.,  (ref. 2) have shown tha t  small  strakes  placed 
near the t i p  of  the nose of a pointed body can eliminate  or minimize large 
asymmetric yawing  moments a t  high  angles of attack. A ser ies  of t e s t s  were 
therefore conducted t o  determine  the  effectiveness of strakes  for  the forebody 
having a circular  cross  section. The strakes  tested were placed  symmetrically 
i n  the XY-plane of the model, and the  results  are shown i n  f igure 13.  The 
effect  of the  strakes was to  produce a well-defined p o i n t  of separation near 
the nose apex. T h i s  effect   resulted i n  a symmetrical flow f i e l d   a t   a l l  angles 
of attack and effective  suppression of the asymmetries. 

when the nose strake was applied t o  the 3.5 C I R  forebody ( f i g .   1 3 ( a ) ) ,  
the  large yawing-moment  asymmetry  was greatly reduced.  Application of the 
same strake  to  the 3.5 EMAV forebody (f ig .  1 3 ( b ) )  produced similar  reductions 
i n  yawing  moment, although l e s s  dramatic  since  the  level of directional asym- 
metry for t h i s  forebody was considerably  less  than  the asymmetry for  the  circu- 
lar   fore  body. 

The nose strakes were capable of producing as much as OK more aerody- 
namic  symmetry than was obtained w i t h  the  shark or d u c k b i l l  forebodies.  (See 
f i g .  13.)  The flaw mechanics involved would again appear t o  be those which 
f i x  the  separation  line  for  the nose vortex system. However, one should  exer- 
cise  caution  before  deciding, based only on aerodynamic symmetry, to  use strakes 
i n  l i eu  of another  forebody  design. A s  shown i n  reference 5, application of 
nose strakes  to  the forebody can have quite  detrimental   effects on directional 
s t a b i l i t y   a t  high  angles of attack;  the  result  obtained is dependent upon the 
forebody cross  section  involved,  as w i l l  be  shown la te r  i n  t h i s  report. 

Data presented i n  figure 1 4  show that  the  addition of the nose boom 
( f i g .  8) t o  the 3.5 C I R  forebody produced a noticeable  reduction i n  the magni- 
tude of the yawing-moment  asymmetry b u t  d i d  not  eliminate it. Apparently,  the 
shed vortex system was simply weakened as opposed t o  being radical ly  changed 
by the nose boom. Figure  15 shows that  when the   he l ica l   t r ip  wire was applied 
to  the 3.5 C I R  forebody,  as shown i n  f igure 9 ,  the asymmetry i n  yawing moment 
was largely  eliminated. T h i s  resul t  would  seem to  indicate   that   the   t r ip  wire 
worked i n  a manner similar  to  the nose strake by fixing a separation  line  along 
the forebody which forced  the shed vortex  system to be symmetric. I t  is quite 
possible  that  further  optimization of t h e  t r i p  wire  size and location might 
provide  further  reductions i n  the yawing-moment asymmetry;  however, the  large 
effect  seen i n  these  data is suff ic ient   to  show that  the  helical   pattern con- 
cept was quite  effective.  

1 0  
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Effec t   o f   o the r   con f igu ra t ion   f ea tu re s . -   Add i t iona l  tests were conducted 
to de te rmine   i f   i n t e rac t ion   ex i s t s   be tween   t he   shed   nose   vo r t i ce s   and   t he   o the r  
po r t ions   o f   t he   a i r f r ame  as the   vo r t i ce s   pas sed   ove r   t he   a i r f r ame .   P rev ious  
tests of t h e  model  used i n   t h i s   i n v e s t i g a t i o n   ( r e f .   1 1 )   i n d i c a t e d   t h a t   d e f l e c -  
t i o n   o f   t h e   e n g i n e   i n l e t  c o w l s  and   t he   ho r i zon ta l  tails p r o d u c e d   s t r o n g   e f f e c t s  
on t h e   l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  a t  high  angles   of  at tack. Another  possi-  
b l e  flow i n t e r a c t i o n   c o u l d  be caused by t h e   v e r t i c a l  t a i l s ,  which  could  extend 
i n t o   t h e   t r a i l i n g   v o r t i c e s .   T h e r e f o r e ,   a d d i t i o n a l  model conf igu ra t ion   va r i a -  
b l e s  were t e s t e d  a t  B = 00 to  assess t h e   i n f l u e n c e   o f   t h e   i n l e t  c o w l  p o s i t i o n ,  
h o r i z o n t a l - t a i l   d e f l e c t i o n ,  and the v e r t i c a l  t a i l  on the  aerodynamic  symmetry. 

Figures   16 to  18   present   resu l t s   showing  the   in f luence   o f   the   a foremen-  
t i oned  model configurat ion  changes.  R e s u l t s  p r e s e n t e d   i n   f i g u r e   1 6  show t h e  
e f f e c t   o f   r a i s i n g   t h e   i n l e t  c o w l s  to  the   undef lec ted  cruise posi t ion.   Al though 
f i g u r e   1 6 ( a )   i n d i c a t e s   t h a t   t h i s   c o n f i g u r a t i o n   c h a n g e   p r o d u c e d   t h e   o n s e t   o f  
asymmetry for   the   3 .5  C I R  forebody a t  a no t i ceab ly   h ighe r   ang le  of attack, t h e  
magnitude  of  the  asymmetry  remained  unchanged. R e s u l t s  shown i n   f i g u r e   1 6 ( b )  
for t h e  3.5 DKJ3 forebody seem to show  no s i g n i f i c a n t   i n f l u e n c e   o f   t h e   i n l e t  
cowl d e f l e c t i o n  on t h e  asymmetry.   Figure  17  shows  that   the   t ra i l ing-edge-up 
e l e v a t o r   d e f l e c t i o n  lowered the  magni tude of the   ang le  of a t tack r e q u i r e d  for 
the   onse t   o f  asymmetry  on t h e  3.5 C I R  forebody,  and t h e  e l e v a t o r   d e f l e c t i o n  had 
no e f f e c t  on t h e  maximum l e v e l  of asymmetry  beyond o n s e t .  The d a t a  of f i g u r e   1 8  
show tha t   removal  of t h e   v e r t i c a l  t a i l s  had l i t t l e  or no e f f e c t   o n   t h e  yawing- 
moment asymmetries e x h i b i t e d  w i t h  the  3 .5  C I R  forebody. 

Summary of   aerodynamic  la teral-direct ional   symmetry resul ts . -  For t h e  
airframe c o n f i g u r a t i o n  tested,- l a r g e  asymmetric yawing  moments a t  B = 00 are  
o n l y   e v i d e n t  €or the   h igh- f ineness- ra t io   forebodies .   For   the   3 .5   f ineness  
ra t io  (similar t o  t h e   f i n e n e s s  r a t io  o f   t he   a i rp l ane   o f   r e f .  7 ) ,  s i g n i f i c a n t  
changes made t o  t h e   b a s i c   a i r p l a n e   c o n f i g u r a t i o n ,   s u c h  as removal  of  the  ver- 
t i c a l  t a i l s ,  d e f l e c t i o n  of t h e   i n l e t  c o w l s ,  and   de f l ec t ion   o f   t he   ho r i zon ta l  
t a i l s ,  seem to have on ly  a secondary  influence  on  the  yawing-mment  asymmetries 
observed.  These resul ts  seem to w n f i r m   t h e   c o n c l u s i o n s  drawn i n   p r e v i o u s   f o r e -  
body s t u d i e s  (refs.  1 to 5 ) ;  t h a t  is, t h e  asymmetric yawing moments are produced 
p r i m a r i l y  by side forces which are developed  on  the  fuselage  forebody by t h e  
asymmetric vor tex   format ion .  

For the   h igh - f ineness - r a t io   fo rebod ies ,  t he  forebody  geometry was found 
to have a l a r g e   i n f l u e n c e  on t h e  measured yawing-moment asymmetries. The 
l a r g e s t  asymmetries were produced by the  forebodies   having  smooth C I R  or EMAH 
cross s e c t i o n s ;   t h e  smallest asymmetry was produced  by  the EMAV forebody. The 
smallest y a w i n g - m e n t  asymmetries were obtained  on  forebodies   where  the  sepa-  
r a t i o n   l i n e   f o r   t h e   s h e d   v o r t i c e s  was f i x e d ,  a t  least a t  the   forebody  apex ,  t o  
produce symmetric shedding.  These resul ts  were obta ined   wi th   nose  strakes,  t h e  
SHK and DKB f o r e b o d i e s ,   a n d   t h e   t r i p  wire. However, as w i l l  be d i s c u s s e d   i n   t h e  
n e x t   s e c t i o n ,   s e l e c t i o n  of the   des i red   forebody  shape   should  be based   no t   on ly  
on  minimizing asymmetries, but  also on effects of t he   fo rebody  on d i r e c t i o n a l  
and la teral  s t a b i l i t y  a t  high  angles   of  at tack. 
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L a t e r a l - D i r e c t i o n a l   S t a b i l i t y  

A d d i t i o n a l   t e s t i n g  was conducted to eva lua te   t he   i n f luence   o f   fo rebody  
g e o m e t r y   o n   t h e   l a t e r a l - d i r e c t i o n a l   s t a b i l i t y   c h a r a c t e r i s t i c s  of t h e   s u b j e c t  
c o n f i g u r a t i o n .  A s  i n   t h e   p r e v i o u s   s e c t i o n ,   t h e   r e s u l t s  are p r e s e n t e d  to show 
t h e  effects of f i n e n e s s  ratio:  c ross -sec t iona l   shape ;   nose  strakes, t r i p  wires, 
and booms: and model conf igura t ion   changes .  

Effect of   forebody  f ineness  ratio.-  The effect of fo rebody   f ineness  ra t io  
o n   l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  is shown i n   f i g u r e  1 9 f o r   t h e  2.3 CIR,  3.5 CIR,  
2.3 EMAH, and  3.5 EMAH forebodies. I n   f i g u r e   1 9 ( a ) ,   t h e   d a t a  show t h a t   d i r e c -  
t i o n a l   i n s t a b i l i t y   o c c u r r e d   a b o v e  22O c1 fo r   bo th   t he   2 .3  C I R  and  3.5 C I R  f o r e -  
bodies.  Above 25O c1 (as might be expected)  , the   longer   forebody  (3 .5   f ineness  
ra t io)  p r o d u c e d   t h e   h i g h e s t   l e v e l s   o f   d i r e c t i o n a l   i n s t a b i l i t y ,   w h e r e a s   t h e   c o n -  
f i g u r a t i o n   w i t h   f o r e b o d y  removed (b lunt   nose)   shows  the  lowest l e v e l   o f   d i r e c -  
t i o n a l   i n s t a b i l i t y .  I t  is also i n t e r e s t i n g  to  n o t e   t h a t   t h e  3.5 C I R  forebody 
experienced a n o t i c e a b l e  loss i n   p o s i t i v e   e f f e c t i v e   d i h e d r a l  between 20° 

and 400 (3. Therefore ,   ex tending   the  C I R  forebody  degraded   bo th   d i rec t iona l  
and l a t e r a l  s t a b i l i t y  a t  high  angles   of  a t tack.  

C I B  

I n   c o n t r a s t  to t h e   f o r e g o i n g  resul ts ,  t h e   d a t a   p r e s e n t e d   f o r   t h e  EMAH 
f o r e b o d y   i n   f i g u r e   1 9 ( b )  shows i n c r e a s e d   d i r e c t i o n a l   s t a b i l i t y   a b o v e  30° a 
f o r   t h e   3 . 5   f i n e n e s s  ra t io .  T h e s e   r e s u l t s  show t h a t  t h e  same b e n e f i c i a l   f o r e -  
body e f f e c t s   f o u n d  for t h e   a i r c r a f t   c o n f i g u r a t i o n  tested i n   r e f e r e n c e  5 could  
also b e   o b t a i n e d   o n   t h e   a i r c r a f t   c o n f i g u r a t i o n   u s e d   i n   t h i s   s t u d y .   T h i s   o b s e r -  
v a t i o n   t e n d s  t o  fu r the r   subs t an t i a t e   t he   conc lus ion   t ha t   p rope r   fo rebody   des ign  
c a n   p r o d u c e   g e n e r a l l y   f a v o r a b l e   c o n t r i b u t i o n s  to  d i r e c t i o n a l   s t a b i l i t y  a t  h igh  
a n g l e s  of attack. C a n p r i s o n   o f   t h e   o n s e t   a n d   l e v e l   o f   d i r e c t i o n a l   i n s t a b i l i t y  
between  the  blunt  nose  and  the  2.3 EMAH forebody shows t h a t   t h e  2.3 EMAH f o r e -  
body produces a very  small improvement i n   d i r e c t i o n a l   s t a b i l i t y  as compared  with 
t h e  3.5 EMAH f o r e b o d y .   T h i s   o b s e r v a t i o n   i n d i c a t e s   t h a t   f i n e n e s s   r a t i o   h a s  a 
s t r o n g   i n f l u e n c e   o n   t h e   d i r e c t i o n a l   s t a b i l i t y   f o r   t h i s   c r o s s - s e c t i o n a l   s h a p e .  
Unfortunately,   both  the  2 .3   and  3 .5  EMAH forebodies   p roduce  a l a r g e  loss i n  
e f f e c t i v e   d i h e d r a l   b e t w e e n  25O and 40° a. Addi t iona l   da t a  from f u r t h e r  s ta t ic-  
fo rce   and   f l ow-v i sua l i za t ion  tests would  be  needed to d e f i n e   t h e  phenomenon 
i n v o l v e d   i n   t h i s  loss o f   d ihed ra l ;  it can   on ly  be h y p o t h e s i z e d   t h a t   t h e   i n t e r -  
ac t ion   o f   t he   vo r t i ce s   shed   f rom  the   fo rebody   ove r   t he   l eeward  wing a t  nonzero 
s i d e s l i p   p r o b a b l y   c a u s e s   t h e  flow t o  remain   a t tached   over   tha t   wing   and   thereby  
p r o d u c e s   d e s t a b i l i z i n g   r o l l i n g  moments. 

E f f e c t   o f   c r o s s - s e c t i o n a l   s ~ h a p e . -   S i n c e   t h e   r e s u l t s   p r e s e n t e d   i n   t h e  
p r e v i o u s   s e c t i o n  showed t h e   g r e a t e s t   i n f l u e n c e   o f   f o r e b o d y   c r o s s - s e c t i o n a l  
shape t o  e x i s t  a t  t h e   h i g h e r   f i n e n e s s   r a t i o ,   t h e   i n f l u e n c e   o f   c r o s s - s e c t i o n a l  
shape is examined i n   t h i s   s e c t i o n  €or t h e   h i g h e s t   f i n e n e s s   r a t i o   t e s t e d .  The 
e f f e c t  of forebody cross s e c t i o n  on l a t e r a l - d i r e c t i o n a l   s t a b i l i t y  is shown i n  
f i g u r e  20. The data show t h a t   t h e   l e v e l  o f   d i r e c t i o n a l   s t a b i l i t y  €or t h e  f o r e -  
b o d i e s   t e s t e d   v a r i e s   o v e r  a large  range  above l o o  t o  15O a and is s t r o n g l y  
dependent   on  the  forebody cross s e c t i o n .  A t  t h e   h i g h   f i n e n e s s  ra t io ,  t h e  CIR 
and EMAV c r o s s - s e c t i o n a l   s h a p e s   d e g r a d e d   d i r e c t i o n a l   s t a b i l i t y ,   b u t   t h e  EMAH, 
SHK, and DKB c r o s s - s e c t i o n a l   s h a p e s   i m p r o v e d   d i r e c t i o n a l   s t a b i l i t y .  The d a t a  
also show a loss i n   e f f e c t i v e   d i h e d r a l   f o r   t h e  C I R ,  EMAH, and SHK forebodies  
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between 20° and 40° a. I t  is p a r t i c u l a r l y   i n t e r e s t i n g  t o  n o t e   t h a t   t h e  DKB 
forebody is t h e   o n l y   o n e   o f   t h e   t h r e e   f o r e b o d i e s   p r o d u c i n g   s t a b l e   v a l u e s   o f  
both CnB and CzB i n  t h i s  angle-of-at tack  range.  Such a c o n f i g u r a t i o n  would 

be expected to e x h i b i t  good dynamic s t a b i l i t y   i n   t h e  s t a l l .  As w i l l  be noted 
l a t e r ,  a similar e f f e c t  was ob ta ined  by use  of nose strakes. 

P r e s e n t e d   i n   f i g u r e  21 are d a t a   s h o w i n g   t h e   e f f e c t   o f   t h e   v e r t i c a l  t a i l s  
on t h e  model c o n f i g u r a t i o n   w i t h   t h e  C I R ,  SHK, and DKB 3 . 5   f i n e n e s s - r a t i o   f o r e -  
bodies .  For a l l  t h e s e   f o r e b o d i e s ,   t h e   v e r t i c a l  t a i l s  are d i r e c t i o n a l l y  sta- 
b i l i z i n g   u p  t o  a b o u t  250 a ;  above 25O a, t h e   v e r t i c a l  t a i l s  are somewhat 
d i r e c t i o n a l l y   d e s t a b i l i z i n g .  I t  is p a r t i c u l a r l y   i n t e r e s t i n g   t h a t   a b o v e  25O 
a, t h e   d i r e c t i o n a l   s t a b i l i t y   o b s e r v e d   i n   t h e  complete c o n f i g u r a t i o n   f o r   t h e  
SHK and DKB fo rebod ies  was produced  by  the  forebody  and  not   by  the  ver t ical  
tails. This  r e su l t  aga in  correlates well w i t h   r e s u l t s  of r e fe rences  6 and 7. 
I t  is also ev iden t   t ha t   above  20° c1 t h e   v e r t i c a l  t a i l s  produce  only a small 
e f f e c t  on for t h e   t h r e e   f o r e b o d i e s  shown. Therefore ,   one may conclude 

t h a t   t h e  loss i n  C Z B  produced  by  the SHK forebody is no t  d u e  to any  adverse 

in f luence  of the  v e r t i c a l  t a i l s  but  is more l i k e l y  a s t rong   i n t e rac t ion   be tween  
the   nose   vo r t i ce s   and   t he  wing, as hypothesized ear l ier .  

c z  B 

Effec t   o f   forebody add-on devices . -  I t  has been shown ear l ier  t h a t   s e v e r a l  
forebody  modi f ica t ions ,   inc luding   nose  strakes,  n o s e   t r i p  wires, and  nose booms, 
can   s ign i f i can t ly   i n f luence   fo rebody   ae rodynamics  a t  h igh   angles  of attack. 
F u r t h e r  tests were made to de termine   the   in f luence   o f  s u c h  devices   on  la teral-  
d i r e c t i o n a l   s t a b i l i t y  a t  high  angles   of  a t tack;  t h e   r e s u l t s  are p r e s e n t e d   i n  
f i g u r e s  22 to  24. 

Figure  22 p r e s e n t s   l a t e r a l - d i r e c t i o n a l   d a t a   s h o w i n g  t h e  inf luence  of  t he  
nose strakes on t h e  3.5 C I R ,  3.5 EMAV, and  2.3 C I R  fo rebod ies .   F igu res  2 2 ( a ) ,  
(b)  , and (c) s h o w  t h a t  t h e  nose strakes e s s e n t i a l l y   e l i m i n a t e d   t h e   u n s t a b l e  
va lues   o f  C above 20° ~1 for a l l  three fo rebod ies .  The v e r t i c a l - t a i l - o f f  

data p r e s e n t e d   i n   f i g u r e  22 ( d )   f o r   t h e  3.5 C I R  forebody  with  nose strakes ind i -  
cate t h a t   t h e   e f f e c t  of t h e  nose s t rakes  on CnB is q u i t e  similar to  t h a t   s e e n  

i n   f i g u r e  21 f o r  t h e  3.5 EMAH, SHK, and DKB f o r e b o d i e s   i n   t h a t   t h e   c o n f i g u r a t i o n  
is d i r e c t i o n a l l y  stable a t  high  angles   of  a t tack wi th  or w i t h o u t   t h e   v e r t i c a l  
t a i l s .  However, i n   c o n t r a s t  to t h e  effect of the  3.5 EMAH and SHK fo rebod ies ,  
t h e   e f f e c t  of the   nose  strakes on CzB is q u i t e  s t a b i l i z i n g  a t  high  angles   of  

a t tack,  as was the  DKB forebody. 

"B 

It  was shown ear l ier  t h a t   p l a c i n g   t h e   h e l i c a l   t r i p  wire on   the  3.5 CIR  
forebody  grea t ly   reduced   the  yawing-moment asymmetries. F igu re  23 p r e s e n t s  
d a t a   s h o w i n g   t h e   i n f l u e n c e   o f   t h e   t r i p  wire o n   l a t e r a l - d i r e c t i o n a l   s t a b i l i t y .  
There is l i t t l e  e f f e c t  on CnB below 30° and sane modes t   f avorab le   i n f lu -  

ence a t  higher   angles   of  at tack; t h e   i n f l u e n c e  on is minimal.  These clB 
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r e s u l t s ,   t h e r e f o r e ,   i n d i c a t e   t h a t   s u c h  a dev ice  as t h e   h e l i c a l   t r i p  wire has 
i ts l a r g e s t   e f f e c t   i n   f o r c i n g  symmetric separa t ion   of   the   nose   vor tex   sys tem 
a t  f3 = Oo, t he reby   avo id ing   t he   deve lopmen t   o f   l a rge   s ide  forces on the   nose  
a t  high  angles   of  at tack. There  appear  to  be  no s i g n i f i c a n t   e f f e c t s  of t h e  
t r i p  wire o n   s t a b i l i t y .  

I n   a n   e f f o r t  to  assess t h e   s e n s i t i v i t y   o f   t h e   m o d e l   a e r o d y n a m i c s  to  
geometr ic   changes   tha t  may occur on a test or p r o d u c t i o n   a i r p l a n e ,   s e v e r a l  
c o n f i g u r a t i o n s  were t e s t e d  to  measure the   i n f luence   o f   nose  b o o m  i n s t a l l a -  
t i o n s .   R e s u l t s   o b t a i n e d   f o r   t h e  C I R  and DKB fo rebod ies  are p r e s e n t e d   i n   f i g -  
ure  24. R e s u l t s  i n   f i g u r e   2 4 ( a )   f o r   t h e  3.5 CIR  forebody show l i t t l e  or no 
inf luence   o f   the   nose  boom below 40° a. A t  h igher   angles  of a t tack,  it 
appears   the   nose  born degrades s ta t ic  d i r e c t i o n a l   s t a b i l i t y .   I n   c o n t r a s t  t o  
t h e  results f o r   t h e  3.5 C I R  forebody, results p r e s e n t e d   i n   f i g u r e   2 4 ( b )  for 
t h e  3.5 DKB forebody show t h a t   t h e   n o s e  boom i n s t a l l a t i o n   n o t i c e a b l y   d e g r a d e d  
both CnB and  above 25O a, a n d   r e s u l t e d   i n   u n s t a b l e   v a l u e s  of 

between 25O and 30° a. Despi te   the   degrading   e f fec t   o f   the   nose  boom, t h e  
s t a b i l i z i n g   i n f l u e n c e   o f   t h e  DKB forebody  on is still evident.   These 

resu l t s ,  however,  do  show t h a t   t h e   a e r o d y n a m i c s   o f   t h i s   p a r t i c u l a r   f o r e b o d y  
can be quite s e n s i t i v e  t o  what  might  usually be considered  "minor"  changes 
made t o  the   nose .   In   a t t empt ing  to c o n d u c t   f l i g h t   e v a l u a t i o n s   o f   p o s s i b l e  
s t a b i l i t y  improvements to  be obtained  f rom  novel   forebody  designs,  it is clear 
tha t   one   shou ld  be q u i t e  c a u t i o u s  when making  changes to  the  forebody  geometry 
to  accommodate t e s t  equipment or a i r - d a t a   s e n s o r s .  The s t a b i l i t y   d e g r a d a t i o n  
produced by the   nose  boom i n s t a l l a t i o n   i n   t h e   s u b j e c t  tests r e p r e s e n t s  a very 
s i g n i f i c a n t  loss i n   s t a b i l i t y   f o r   t h e  DKB forebody. 

c1 P CnP 

C"B 

f i g u r e  25 
p o s i t i o n  was 
of cowl posi- 
C I R  forebody 
hand,  the 

Effect   of   ot -her   conf   iqur-at ion ~~ ~~~ . f e a t u r e s . -  " - _ 1  R e s u l t s  p r e s e n t e d   i n  
show t h a t   t h e   e f f e c t   o f   r a i s i n g   t h e   i n l e t  c o w l s  to the   unde f l ec t ed  
dependent upon t h e  particular forebody  design  used.  The i n f l u e n c e  
t i o n   o n   d i r e c t i o n a l   s t a b i l i t y  was much more pronounced  for  the  3.5 
( f i g .  25 ( a ) )  t h a n   f o r   t h e  DKB forebody  ( f ig .   25(b)  1. On t h e   o t h e r  
cowl d e f l e c t i o n   i n f l u e n c e   o n  l a t e r a l  s t a b i l i t y  is  similar f o r   t h e  t w o  fo re -  
bodies .  The p r i m a r y   d i f f e r e n c e   i n   t h e  cowl e f f e c t   o n  l a t e ra l  s t a b i l i t y  between 
t h e  t w o  fo rebod ies  was t h a t   r a i s i n g   t h e   i n l e t  c o w l  produced a l a r g e r  loss of 
d i h e d r a l   e f f e c t   f o r   t h e  DKB forebody. The p o i n t  to  be made from  these resu l t s  
is t h a t   t h e r e  seems to  be an in t e rac t ion   o f   t he   fo rebody  flow f i e l d   a n d   t h e  
wing-body f l o w   f i e l d .   T h i s   i n t e r a c t i o n  is s u f f i c i e n t l y   s t r o n g  to change  the 
inf luence   o f  a conf igu ra t ion   va r i ab le ,   such  as i n l e t  c o w l  p o s i t i o n ,  when a 
s ign i f i can t   change   i n   fo rebody   des ign  is made. 

The i n f l u e n c e   o f   h o r i z o n t a l - t a i l   d e f l e c t i o n  is p r e s e n t e d   i n   f i g u r e  26 f o r  
t h e  3.5 C I R  and DKB fo rebod ies .  For b o t h   f o r e b o d y   c o n f i g u r a t i o n s ,   d e f l e c t i o n  
of the   ho r i zon ta l  t a i l  ( i n  an   a i rp lane   nose-up   sense)   p roduces  a r e d u c t i o n   i n  
b o t h   d i r e c t i o n a l   a n d  l a t e ra l  s t a b i l i t y  a t  a g iven   angle   o f  attack. The loss 
i n   b o t h  C and C above 20° a due t o  t a i l  d e f l e c t i o n   a p p e a r s  to  be 

s l i g h t l y  more s e v e r e   f o r   t h e  DKB f o r e b o d y .   T h i s   r e s u l t   f o r   t h e   e f f e c t  of 
h o r i z o n t a l - t a i l   d e f l e c t i o n ,   t o g e t h e r   w i t h  similar resul ts  f o r   t h e   i n l e t  c o w l  
d e f l e c t i o n ,   i n d i c a t e s   t h a t   t h e  C z B  of t h e  to ta l  c o n f i g u r a t i o n   w i t h   t h e  DIU3 
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forebody is cons ide rab ly  more s e n s i t i v e  to  o t h e r   c o n f i g u r a t i o n   v a r i a b l e s   t h a n  
is t h e  C I B  a s s o c i a t e d   w i t h   t h e  more convent iona l  3.5 CIR forebody. The pri- 

mary  conclusion f rom t h i s   b r i e f   e v a l u a t i o n  of e f f e c t s  of other c o n f i g u r a t i o n  
f e a t u r e s  is as noted  before:   changes t o  forebody  design may s i g n i f i c a n t l y  
change   t he   i n f luence   wh ich   o the r   con f igu ra t ion   f ea tu re s   have   on   t he   s t ab i l i t y  
c h a r a c t e r i s t i c s  of   the   conf igura t ion .  

Longi tudina l  Characteristics 

R e s u l t s   p r e s e n t e d   i n   t h i s   p a p e r ,  as well as a l r eady   pub l i shed  results 
( r e f s .  2 t o  5 ) ,   i n d i c a t e   t h a t   v e r y   s t r o n g   v o r t e x   f l o w s   c a n   d e v e l o p   o n   l o n g ,  
s l ende r   fo rebod ies  a t  h igh   angles   o f  at tack. Moreover, the  roll ing-moment 
d a t a   a l r e a d y   d i s c u s s e d   i n   t h i s  report i n d i c a t e  a p o s s i b l e   s i g n i f i c a n t   i n t e r -  
a c t i o n  of t he   nose   vo r t ex   sys t em  wi th   t he  wing-body f l o w   f i e l d .   T h e r e f o r e ,  
one  might s u s p e c t  n o t i c e a b l e   e f f e c t s  o f   t h e   n o s e   v o r t e x   s y s t e m   o n   l i f t   a n d  
p i tch ing-moment   charac te r i s t ics .  For example ,   re fe rence   12   p resents   in -depth  
resul ts  conce rn ing   t he   e f f ec t s   o f   nose  s t rakes  o n   l o n g i t u d i n a l   a n d   d i r e c t i o n a l  
s t a b i l i t y  a t  h igh   subsonic   speeds   and   inves t iga tes  t h e  inf luence   o f  s t rake 
s i z ing .   A l though   t he   emphas i s   i n   t h i s  paper has  been to  assess t h e  f a v o r a b l e  
e f f e c t s  which  might   be  obtained  on  la teral-direct ional   aerodynamics as a r e s u l t  
of   forebody  design,  it is also q u i t e   i m p o r t a n t  t o  evaluate  what  impact  such 
novel   forebody  des igns  may h a v e   o n   l o n g i t u d i n a l   c h a r a c t e r i s t i c s  a t  h igh   angles  
of at tack. Therefore, longi tudina l   aerodynamics  were measured for most of the  
forebody  designs tested over  the aforementioned  ranges  of   angles  of at tack and 
s i d e s l i p .   S e l e c t e d  resul ts  of some tests are p r e s e n t e d   i n   f i g u r e s  27 t o  31 f o r  
ze ro   and   nonze ro   s ides l ip   cond i t ions .  

Effect   of   forebody . ". . on s t a b i l i t y  - .. a t  B = Oo.- Figures  27 and 28 show t h e  
i n f l u e n c e  of forebody  design  on t h e  v a r i a t i o n  w i t h  angles   of  at tack o f   l i f t ,  
drag,   and  pi tching-moment   coeff ic ients  a t  B = Oo. Figure  27 shows t h e   i n f l u -  
ence   o f   forebody  f ineness  r a t io  f o r   t h e  C I R  and EMAH fo rebod ies .  A s  e i t h e r  
forebody  length  is i n c r e a s e d ,   t h e r e  i s  an a p p a r e n t   f o r w a r d   s h i f t   i n   t h e   c e n t e r  
o f   l i f t  which  produces a n o t i c e a b l e   r e d u c t i o n   i n   l o n g i t u d i n a l   s t a b i l i t y  % 
near  and  above maximum l i f t .   I n   t h e  t w o  cases shown, t h e  t o t a l  values   of  % 
a c t u a l l y  become n e u t r a l  to  uns tab le .  However, t h e s e   r e s u l t s  are a l l  p re sen ted  
f o r  a f ixed   cen te r   o f   g rav i ty   and   such   fo rebody   ex tens ions   migh t   ve ry  well 
invo lve  a forward movement of t h e   a i r p l a n e   c e n t e r  of g r a v i t y .  

P r e s e n t e d   i n   f i g u r e  28 is a summary o f   t h e   l o n g i t u d i n a l   c h a r a c t e r i s t i c s  
measured for the   l onge r   fo rebody   des igns  of v a r i o u s   c r o s s - s e c t i o n a l   s h a p e s  
wi th  a 3.5 f i n e n e s s  ratio.  A s  one  might expect, t h e s e   r e s u l t s  show t h a t   t h e  
EMAV f o r e b o d y   p r o d u c e s   t h e   f e w e s t   a d v e r s e   e f f e c t s   o n   s t a b i l i t y   s i n c e  it pro- 
jects the  least planform area. Fur the r ,   t he  results i n d i c a t e   t h a t  a l l  of t h e  
o ther   forebody cross s e c t i o n s   t e s t e d   p r o d u c e   v a r y i n g   d e g r e e s   o f   p i t c h   i n s t a -  
b i l i t y ,   w i t h   t h e  SHK d e s i g n   p r o d u c i n g   t h e   l a r g e s t  loss o f   p i t c h   s t a b i l i t y   n e a r  
maximum l i f t .  It  is e v i d e n t   f r o m   t h e s e   r e s u l t s   t h a t   e x t e n s i o n s   o f   t h e   f o r e b o d y  
of t h i s  airplane c o n f i g u r a t i o n   c a n   p r o d u c e   r e d u c t i o n s   i n   l o n g i t u d i n a l   s t a b i l i t y  
which are qu i t e   dependen t   on   t he   fo rebody   c ros s - sec t iona l   shape ,  as w e l l  as on 
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t he   i nc reased   p l an fo rm area produced   by   the   ex tens ion .   Apparent ly ,   the  cross- 
s e c t i o n a l   s h a p e   g r e a t l y   i n f l u e n c e s   t h e   c h a r a c t e r  of t h e   v o r t i c e s   f o r m e d   o n   t h e  
n o s e ;   t h e s e   n o s e   v o r t i c e s ,   i n   t u r n ,   d e t e r m i n e   t h e   a e r o d y n a m i c   l i f t .   g e n e r a t e d  
by t h e   p a r t i c u l a r   f o r e b o d y .  

Effect of sideslip.- A d d i t i o n a l   l o n g i t u d i n a l  tests were made over a range 
of s i d e s l i p  a t  specific angles  of attack to d e t e r m i n e   t h e   i n f l u e n c e  of forebody 
geometry  on  pi tching  mment .   Maneuvers  a t  h igh   angles  of a t tack o f t e n   g e n e r a t e  
s i g n i f i c a n t   s i d e s l i p   a n d   r e q u i r e   r e a s o n a b l y   t i g h t   c o n t r o l  of a n g l e  of a t tack t o  
p r e v e n t   e x c u r s i o n s   i n   a n g l e   o f  at tack, which may r e s u l t   i n  loss of c o n t r o l .  I t  
is, t h e r e f o r e ,   i m p o r t a n t  t o  determine i f  t h e r e  is any   s t rong   dependence   of  
p i t ch ing   mment   on   s ides l ip   wh ich   migh t   p roduce  uncommanded e x c u r s i o n s   i n   a n g l e  
of attack during  high  angle-of-attack  maneuvering. 

The r e s u l t s  of t h e   i n v e s t i g a t i o n   o f   s i d e s l i p   e f f e c t s  are p r e s e n t e d   i n  
f i g u r e s  29 to 31 which show t h e   v a r i a t i o n  of Cm wi th  6 f o r   v a r i o u s   a n g l e s  
of attack. The i n f l u e n c e   o f   f i n e n e s s  r a t i o  o n   t h e  EMAH forebody i s  presented  
i n   f i g u r e  29. F o r   t h e  two higher   angles  of attack (30°  and 40°) , t h e r e  is a 
n o t i c e a b l e  loss i n   r e s t o r i n g   p i t c h i n g  moment w i t h   i n c r e a s i n g  6 when t h e   f o r e -  
body l e n g t h  is i n c r e a s e d .  Beyond 5O 6,  a m i l d   p i t c h   i n s t a b i l i t y  (% > 0)  is 

evident  for t h e   h i g h e r   f i n e n e s s  ra t io .  F i g u r e  30 p r e s e n t s   t h e   r e s u l t s   f o r   t h e  
i n f l u e n c e   o f   t h e  EMAV and DKB forebody  c ross -sec t iona l   shapes .   The  DKB config-  
u r a t i o n   c l e a r l y   e x p e r i e n c e s  a v e r y   s u b s t a n t i a l  loss of r e s t o r i n g   p i t c h i n g  
manent a t  s i d e s l i p   i n   c o n t r a s t  t o  t h e  EMAV forebody  which appears r e l a t i v e l y  
i n s e n s i t i v e  t o  B .  A maneuver producing  loo t o  15O B w i t h   t h e  DKB forebody 
could  be  expected t o  r e s u l t   i n  a 50-percent loss of r e s t o r i n g   p i t c h i n g  moment, 
rough ly   ha l f  t h e  p i t c h i n g  moment a v a i l a b l e   f r o m  a f u l l  nose-up   def lec t ion  of 
t h e   h o r i z o n t a l  t a i l  o n   t h i s   m o d e l .   T h e   e f f e c t s  of var ious  forebody  add-on 
devices   (nose  strakes a n d   h e l i c a l   t r i p  wire) o n   t h e   3 . 5  C I R  forebody a t  32.5O 
c1 are p r e s e n t e d   i n   f i g u r e   3 1 .   T h e   n o s e   s t r a k e  is t h e   o n l y   m o d i f i c a t i o n  pro- 
ducing a n o t i c e a b l e   i n f l u e n c e   ( a d v e r s e )   o n   t h e   s i d e s l i p   d e p e n d e n c e   o f  %. I t  
is  i n t e r e s t i n g  to   reca l l  a t  t h i s   p o i n t   t h a t   t h e   n o s e  s t rake was also much more 
e f f e c t i v e   i n   i n f l u e n c i n g   ( f a v o r a b l y )   l a t e r a l - d i r e c t i o n a l   s t a b i l i t y   t h a n  was t h e  
t r i p  wire. The t r i p  wire also  provided  good  suppression  of  yawing-mment asym- 
metries without   producing  any  adverse effects o n   l o n g i t u d i n a l   c h a r a c t e r i s t i c s .  

c1 

T h e   f o r e g o i n g   r e s u l t s  seem t o  i n d i c a t e   t h a t   c h a n g e s  t o  forebody  des igns  
which  produce  s t rong,   s table   nose-vortex  systems  capable  of s t r o n g l y   i n f l u -  
e n c i n g   l a t e r a l - d i r e c t i o n a l   s t a b i l i t y   n e a r  maximum l i f t  are also c a p a b l e  of 
p r o d u c i n g   s u b s t a n t i a l  losses i n  restoring p i t c h i n g  moment a t  s i d e s l i p .  Such 
e f f e c t s  of fo rebody   geomet ry   on   l ong i tud ina l   ae rodynamic   s t ab i l i t y   shou ld  
t h e r e f o r e   c e r t a i n l y  be i n v e s t i g a t e d   a s   p a r t   o f   a n y   e f f o r t   d i r e c t e d  a t  d e v e l o p  
ing   fo rebody   des igns  similar t o  t h o s e   i n v e s t i g a t e d   i n   t h i s   s t u d y .   A l t h o u g h  
t h e   e f f e c t s   o f  C,.,, shown i n   t h i s   s t u d y  may n o t  ra i se  g rea t   conce rn   fo r   an  
a i r f rame  which  is i n h e r e n t l y   s t a b l e   i n   p i t c h ,   t h e y   c o u l d  be a s i g n i f i c a n t  cause 
f o r   c o n c e r n   i n  a conf igu ra t ion   ba l anced  t o  use   r e l axed  s t a t i c  s t a b i l i t y .   F o r  
such  a c o n f i g u r a t i o n ,   t h e  to ta l  a i r p l a n e   s t a b i l i t y  a t  h igh   ang le s  of attack is 
provided by a s ta t ic  s t a b i l i t y   a u g m e n t a t i o n   s y s t e m   d r i v i n g   t h e   h o r i z o n t a l  t a i l .  
I n   t h i s   s i t u a t i o n ,   s i g n i f i c a n t   u n e x p e c t e d   n o s e - u p   p i t c h i n g   m a n e n t s   o c c u r r i n g  a t  
s i d e s l i p  may be s u f f i c i e n t l y  large t o  s a t u r a t e   t h e   l o n g i t u d i n a l   s t a b i l i t y  aug- 
men ta t ion   sys t em  and   r e su l t   i n   uncon t ro l l ab le   excur s ions   i n   ang le  of attack. 
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CONCLUDING REMARKS 

A low-speed  wind-tunnel  investigation  has  been  conducted  using a 0.10-scale 
model of a modern f i g h t e r   c o n f i g u r a t i o n  to s tudy   t he   i n f luence   o f   fu se l age   fo re -  
body des ign  on high-angle-of-attack  aerodynamics.  The var ious   forebody  des igns  
t e s t e d   c a n  have a l a r g e   i n f l u e n c e  on the  high-angle-of-attack  aerodynamic sta- 
b i l i t y  of t h e   a i r p l a n e   c o n f i g u r a t i o n .   S p e c i f i c  resu l t s  are bes t   summar ized   in  
t h r e e  areas: ae rodynamic   symmet ry ,   l a t e ra l -d i r ec t iona l   s t ab i l i t y ,   and   l ong i -  
t u d i n a l   s t a b i l i t y .  

A t  h igh   angles  of attack, it is d e s i r a b l e   f o r  a n   a i r p l a n e   c o n f i g u r a t i o n  
to have small, near-zero  values  of r o l l i n g  and  yawing moments a t  z e r o   s i d e s l i p ;  
the   p resence   o f   l a rge  asymmetric moments a t  high  angles   of  a t tack is  undesira-  
b l e   i n   t h a t   t h e y  can   con t r ibu te  to  loss of   con t ro l  and p o s s i b l e   s p i n   e n t r y .  
Resul t s   o f   the   p resent  tests i n d i c a t e   t h a t   s i g n i f i c a n t   a e r o d y n a m i c  asymmetries 
were e v i d e n t   o n l y   f o r   t h e   h i g h e r   f i n e n e s s  ra t io  fo rebod ies  tested. A t  t h e  high 
f i n e n e s s  ra t io  (3.5), t h e  asymmetries were s t r o n g l y   i n f l u e n c e d  by forebody 
c ross - sec t iona l   shape   and   spec ia l  add-on devices .  The l a r g e s t  asymmetries 
( p r i m a r i l y  yawing moment) were e x h i b i t e d  by the   fo rebod ies   hav ing  circular C I R  
or e l l i p t i c a l  (major a x i s   h o r i z o n t a l )  EMAH cross-sec t iona l   shapes   ( shapes   typ i -  
cal  of c u r r e n t   f i g h t e r   f o r e b o d i e s )  ; these asymmetries could be l a r g e l y  elimi- 
nated  on these fo rebod ies  by proper   appl ica t ion   of   nose  s t rakes  or a t r i p  wire 
a p p l i e d   i n  a h e l i c a l   p a t t e r n .  Minimal asymmetries were observed  on t h e  other 
fo rebod ies  tested.  I n s t a l l a t i o n  of a t y p i c a l   f l i g h t  t es t  nose boom was found 
to reduce  the asymmetries bu t   no t   e l imina te  them. Such c o n f i g u r a t i o n   v a r i a b l e s  
as t h e   e n g i n e   i n l e t  cowl d e f l e c t i o n ,   h o r i z o n t a l - t a i l   d e f l e c t i o n ,  and v e r t i c a l  
t a i l s  were found t o  have small e f f e c t s  on aerodynamic  symmetry. 

R e s u l t s  i n d i c a t e d  t h a t  t h e   f o r e b o d y   d e s i g n   f e a t u r e s  of f i n e n e s s  r a t io ,  
c ros s - sec t iona l   shape ,  and  add-on devices   (e .g . ,  s trakes) c a n   s t r o n g l y   i n f l u -  
e n c e   b o t h   l a t e r a l  and d i r e c t i o n a l   s t a b i l i t y  a t  h igh   angles  of a t t ack  - both  
f a v o r a b l e  and  adverse effects were measured. The in f luence   o f   c ros s - sec t iona l  
shape and add-on devices  was c o n s i s t e n t l y   e v i d e n t   a t  both l o w  and  high  f ineness  
ratios but  was l a r g e s t  a t  t h e  h ighe r   f i neness  ra t io .  

A t  t he   h igh   f i neness  ra t io ,  c i rcular  C I R  a n d   m a j o r - a x i s - v e r t i c a l   e l l i p t i -  
ca l  EMAV c r o s s - s e c t i o n a l  shapes d e g r a d e d   d i r e c t i o n a l   s t a b i l i t y ,   b u t   t h e  major- 
a x i s - h o r i z o n t a l   e l l i p t i c a l  EMAH, shark  SHK, and d u c k b i l l  DKB c r o s s - s e c t i o n a l  
shapes   improved   d i r ec t iona l   s t ab i l i t y .   Add i t ion   o f   nose  strakes to t h e  C I R  
and EMAV fo rebod ies   p rov ided   improved   d i r ec t iona l   s t ab i l i t y .  Lateral  s t a b i l i t y  
was degraded by t h e  C I R ,  EMAH, and SHK forebodies ,   bu t  l a t e r a l  s t a b i l i t y  was 
improved by t h e   o t h e r   f o r e b o d i e s  and by  add-on devices .   Appl ica t ion   of   the  
h e l i c a l   t r i p  wire t o  t h e  circular forebody  had l i t t l e  e f f e c t   o n   s t a b i l i t y ,   b u t  
u s e  of the nose boom on   s eve ra l   fo rebod ies   p roduced   an   adve r se   e f f ec t  on d i r e c -  
t i o n a l   s t a b i l i t y .   F i n a l l y ,   t h e   f o r e b o d y   d e s i g n  for t h e   p a r t i c u l a r   a i r p l a n e  con- 
f i g u r a t i o n   t e s t e d  was found to  s i g n i f i c a n t l y   i n f l u e n c e   t h e   e f f e c t   o n   s t a b i l i t y  
of such  c o n f i g u r a t i o n   v a r i a b l e s  as e n g i n e   i n l e t  c o w l  de f l ec t ion   and   ho r i zon ta l -  
t a i l  d e f l e c t i o n ;   s u c h   i n f l u e n c e  w a s  no t   obse rved   on   t he   e f f ec t  of t h e   v e r t i c a l  
t a i l s .  

Most of the   changes  made t o  t h e   h i g h - f i n e n e s s - r a t i o   f o r e b o d i e s  to provide  
improved d i r e c t i o n a l   s t a b i l i t y   a n d  symmetry,  such as changes t o  c r o s s - s e c t i o n a l  
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shape or add i t ion   o f   nose  strakes, p roduced   no t i ceab le   r educ t ions   i n   l ong i tud i -  
n a l   s t a b i l i t y   n e a r  maximum l i f t .   S i m i l a r   s i g n i f i c a n t   r e d u c t i o n s   i n   l o n g i t u d i n a l  
s t a b i l i t y   o c c u r r e d   d u e  t o  s i d e s l i p   f o r  most of   the  forebody  t reatments   which,  
however,  had  improved d i r e c t i o n a l   s t a b i l i t y .  An ou t s t and ing   excep t ion  to t h i s  
t r e n d   o f   d e g r a d i n g   p i t c h   s t a b i l i t y  was t h e   h e l i c a l  t r i p  wire; it produced aero- 
dynamic  symmetry w i t h o u t  a d v e r s e l y   a f f e c t i n g   p i t c h   s t a b i l i t y .  

Resu l t s  of t h i s   i n v e s t i g a t i o n ,  when combined wi th   forebody tes t  results 
o b t a i n e d   i n   o t h e r   s t u d i e s ,   i n d i c a t e   t h a t   s u b s t a n t i a l   t a i l o r i n g  of s t a b i l i t y  a t  
high  angles  of attack can be accomplished  through  proper  forebody  design. How- 
e v e r ,   t h e s e   r e s u l t s  a lso show t h a t   t h e  t o t a l  e f f e c t  of t h e   f o r e b o d y   o n   s t a b i l i t y  
( i n c l u d i n g   l o n g i t u d i n a l ,  la teral ,  and   d i r ec t iona l )   mus t  be examined   carefu l ly  
f o r   e a c h   a i r p l a n e   s i n c e  a par t icular   forebody  change  can  produce  both  favorable  
and   adve r se   e f f ec t s  on s t a b i l i t y   a n d   c a n   s t r o n g l y   i n f l u e n c e   t h e   e f f e c t s  of 
o ther   conf igura t ion   var iab les .   Moreover ,  results of   o ther   inves t iga t ions   have  
shown tha t   forebody  des ign   can   s t rongly   in f luence   aerodynamic  damping der iva-  
t i v e s   i n   t h e  s t a l l  and   a i rp l ane   deve loped   sp in   cha rac t e r i s t i c s ;   t he re fo re ,   such  
a d d i t i o n a l   e f f e c t s   s h o u l d  be c o n s i d e r e d   i n   t h e   s e l e c t i o n   o f  a p a r t i c u l a r   f o r e -  
body design.  

Langley  Research  Center 
Nat ional   Aeronaut ics   and  Space  Adminis t ra t ion 
Hampton, VA 23665 
November 20, 1979  
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TABLE I.- DIMENSIONAL  CHARACTERISTICS OF THE MODEL 

O v e r a l l   f u s e l a g e   l e n g t h   ( f o r e b o d y   f i n e n e s s  r a t i o  = 2 .3 ) ,  
m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.905  (6.25) 

O v e r a l l   f u s e l a g e   l e n g t h   ( f o r e b o d y   f i n e n e s s  r a t i o  = 3 .5 ) ,  
m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.076  (6.81) 

Forebody  base  diameter . . . . . . . . . . . . . . . . . . . . .  0.141 (0.461) 

Wing : 
Span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . .  1.305  (4.281) 
Area. m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . . . . . . .  0.565  (6.08) 
Mean aerodynamic  chord. m ( f t )  . . . . . . . . . . . . . . . .  0.485  (1.59) 
Leading  edge  of E rearward of root-chord  leading  edge.  

m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.261 (0.857) 
A s p e c t  r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.01 
T a p e r   r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.25 

Dihedral.   deg . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -1 
Incidence.   deg . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 

Sweepback of leading  edge.   deg . . . . . . . . . . . . . . . . . . . .  45 

Hor izonta l  t a i l s :  
Area ( each ) .  m2 ( f  t2) . . . . . . . . . . . . . . . . . . . .  0.0557  (0.60) 
Span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . .  0.253  (0.829) 
A s p e c t  r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.05 
Tape r ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.34 

Dihedral.   deg . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
Hinge- l ine   loca t ion .  percent  root chord . . . . . . . . . . . . . . .  60.9 

Sweepback of leading  edge.   deg . . . . . . . . . . . . . . . . . . . .  50 

Vertical t a i l s :  
Area (each ) .  m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . . .  0.0582  (0.626) 
Span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . .  0.31  5 (1.032) 
Taper r a t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.266 
Sweepback  of leading  edge.   deg . . . . . . . . . . . . . . . . . . . .  36.57 
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TABLE 11.- SUMMARY OF LATERAL-DIRECTIONAL  RESULTS 

produced by each d i f f e ren t  forebody are c o m p a r e d  
w i t h  t h e  basic model forebody, t h e  2.3 C I R  forebody. 
C h a n g e s  produced by add-on devices are c o m p a r e d   w i t h  
t h e  characteristics of t h e  forebody to  which t h e  device 
w a s  added 1 

For ebody 

I 

2.3 C I R  I 
3.5 C I R  

, 

2.3 EMAH 

3.5 EMAH 

3.5 EMAV 

3.5 DKB 

I 

1 3.5 SHK 
~- . 

a Ind iv idua l  
f o l l o w s  : 

Add-on 
device 

". I 
N o n e  

S t r a k e s  

N o n e  

S t r a k e s  

N o s e  boom 

Trip wire 

N o n e  

N o n e  

N o n e  

S t r a k e s  

N o n e  

N o s e  boom 

N o n e  
L . - " . . . 

effects indicatec 

ADV 
PRO 
N.E 
x 

"" 

PRO 

Effects 
( a )  

1 -  

I A e r o d y n a m i c  
s y m m e t r y  

I 
"" I "" 

PRO N.E.  

ADV ADV ADV 

PRO PRO PRO 

ADV PRO N .E. 

N.E. N.E. PRO 

PRO N .E. ADV 

PRO ADV ADV 

ADV ADV N .E. 

PRO PRO PRO 

PRO N.E. PRO 

ADV I ADV * 

PRO I ADV N.E.  
, . . " ~  "~._ ..I . - ~ . "_I. . .. I . 

1 are relative and are designated as 

adverse; degrades conf igura t ion  
favorable; improves conf igu ra t ion  
l i t t l e  or no effect 
n o t  m e  as u r  ed 
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Figure  1.- Body axes reference  system. 
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Figure 2 .- Variations i n  fighter  airframe geometry. 
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(a)  Low angles  of a t t a c k .  
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vortex 
sheets 

(b)  High angles  of a t t a c k .  

F igure  3 . -  Sketches of s e p a r a t e d   v o r t e x   s h e e t s  on fuse lage   forebody.  
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Figure  5.- Forebody  shapes  tes ted (3.5 EMAH not shown). 
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(a) Composite top and s ide  views  of the 2.3 C I R ,  3.5 CIR, 
and blunt forebodies. 

" . 

Figure 6.- Sketches  of  geometry  of  each  forebody  tested. 
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(c) Drawing of 3.5 DKB forebody. 

Figure 6.- Continued. 
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(dl Drawing of 3.5 EMAV forebody. 

Figure 6.- Concluded. 
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(a)  Strake  design and locat ion  as   appl ied t o  2.3 C I R  and 3.5 C I R  forebodies. 

Figure 7.- Sketches of strake  arrangements  used on forebodies. 
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(b) St rake   des ign  and location used on 3 .5  EMAV forebody. 

F igure  7.- Concluded. 
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(a) Nose boom mounting  used  on 3.5 CIR forebody. 

Figure 8.- Descr ipt ion of nose boom configurat ions.  
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(b) Nose boom mounting  used on 3.5 DKB forebody. 

Figure 8.- Concluded. 



Figure 9.- Photograph of t r ip-wire   instal la t ion on 3.5 C I R  forebody. 
W 
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Figure 10.- Photograph of model with 3.5 DKB forebody. 
L-78-791 
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(a) CIR cross section. 

Figure 11.- Effect of forebody  fineness  rakio on lateral-directional 
aerodynamic  symmetry; = Oo; 6, = 0 ; inlet cowl 12 down. 
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Figure 11.- Concluded. 
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Figure 12.-  Effect  of forebody cross-sectional shape on la teral-direct ional  
aerodynamic symmetry; B = Oo; 3.5 fineness  ratio;  6, = Oo; i n l e t  cowl 
12O down. 
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(a )  3.5 C I R  forebody. 
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(b) 3.5 EMAV forebody. 

Figure 13.- concluded. 
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Figme 14.- Effect of nose  boom on lateral-directional  aerodynamic 
symmetry; 6 = Oo; 3.5 C I R  forebody; 6, = Oo; inlet cowl 12O down. 
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Figure 15.- Ef fec t  of boudary-layer  helical t r i p  wire on l a t e ra l -d i r ec t iona l  
aerodynamic symmetry; B = Oo; 3.5 C I R  forebody; 6, = Oo; i n l e t  cowl 
1 2 O  down. 
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(a) 3.5 C I R  forebody. 
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Figure  16.- Effect of e n g i n e   i n l e t  cowl d e f l e c t i o n  on l a t e r a l - d i r e c t i o n a l  
aerodynamic  symmetry; 6 = o ; 3.5 f i n e n e s s   r a t i o ;  6, = oO. 
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(b) 3.5  DKB forebody. 

Figure 16.- Concluded. 
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Figure 17.- Effect of elevator.deflection on lateral-directional 
aerodynamic symmetry; f5 = Oo; 3.5 C I R  forebudy; i n l e t  cowl 
12O down. 
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(a) CIR cross section. 

Figure 19.- Effect of forebody fineness  ratio on lateral-directional 
stability; 6, = Oo; inlet cowl 12O down. 
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F igu re  19. - Concluded. 
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Figure 20.- Effect of forebody cross-sectional shape on lateral-directional 
stability for 3.5 fineness  ratio; 6, = oO; inlet cowl 12O down. 

50 



0 

-.01 

- .02 

0 On 
0 Off 

tails 

.002 

0 

- .ooq 

0 

- .002 

0 10 20 30 40 50 60 
a, deg 

(a) 3.5 CIR forebody. 

Figure 21.- Ef fec t   o f   ver t ica l   t a i l s  on la teral-direct ional   s tabi l i ty  
for  3.5 fineness  ratio  forebodies; 6h = Oo; i n l e t  cowl 12O down. 
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(b )  3.5 SHK forebody. 

Figure 21.- Continued. 
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(c) 3.5 DKB forebody. 

Figure 21.- Concluded. 
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(a) 3.5 C I R  forebody w i t h  and without  strakes. 

Figure 22.- Effect of fuselage forebody strakes and v e r t i c a l   t a i l s  on 
lateral-directional  stabil i ty  for  several  forebody  designs; 6, = Oo; 
i n l e t  cowl 12O down. 
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(b) 3 .5  EMAV forebody  wi th   and   wi thout   s t rakes .  

F igure  22 .- cont inued.  
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Figure 22.- Continued. 
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(d) 3.5 C I R  forebody  wi th   nose   s t rakes   and   wi th   and   wi thout   ver t ica l  tails. 

Figure  22.- Concluded. 
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Fiqure 23.- Effect of boundary-layer helical trip wire on lateral-directional 
stability  fox 3.5 CIR forebody; 6, = Oo; inlet cowl 12O down. 
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Figure 24.- Effect of nose boom  on lateral-directional  stability  for 
two 3.5 fineness ratio forebodies; 6, = Oo; inlet cowl 12O down. 
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Figure 24.- Concluded. 
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Figure 25.- Effect of engine i n l e t  cowl deflection on lateral-directional 
s tab i l i ty   for  two 3.5 fineness  ratio  forebodies; 6, = 0 . 0 
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Figure 26.- Effect of horizontal-tail  deflection on lateral-directional 
stability for two 3.5 fineness  ratio  forebodies; inlet cowl 12O down. 
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Figure 27.- Effect of forebody  fineness  ratio on longitudinal 
characteristics; B = Oo; 6, = Oo; inlet cowl 12O down. 
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Figure 27.- Concluded. 
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Figure 28.- Effect of forebody cross-sectional shape on longitudinal 
characterist ics  for 3.5 fineness  ratio  forebodies; 6 = oo; 
6, = Oo ; i n l e t  cowl 12O down. 
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Figure  29.- E f f e c t   o f   f o r e b o d y   f i n e n e s s   r a t i o  on v a r i a t i o n  of p i t c h i n g  
moment w i t h  s i d e s l i p   a t   s e v e r a l   a n g l e s   o f   a t t a c k ;  B = Oo; 6, = Oo; 
i n l e t  cowl 12O down. 
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Figure 30.- Effect of forebody cross-sectional shape on variation ofo 
pitching moment with  sideslip  at   several   angles of attack; B = 0 ; 
3.5 fineness  ratio;  6, = Oo; i n l e t  cowl 12O down. 
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Figure 31 . -  E f f e c t  of forebody add-on dev ices  on v a r i a t i o n  of p i t c h i n g  
moment w i t h   s i d e s l i p  a t  32.5O a; 6 = O o ;  3.5 C I R  forebody; 6, = Oo; 
i n l e t  cowl 12O down. 
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